ABSTRACT. Cytoskeletons, or 'Triton ghosts,' that contained mainly actin and myosin II were prepared from Dictyostelium discoideum amoebae by extraction with Triton X-100. The Triton ghosts contracted immediately upon addition of ATP. However, under high-salt conditions in the presence of ATP, they did not contract but released myosin II. Almost all of the applied myosin II became associated with ghosts when myosin-free Triton ghosts, prepared in this way, were incubated with purified actin and then with myosin II from Dictyostelium. Immunofluorescence microscopy demonstrated that the associated myosin was localized in the cortical actin layer of the ghosts. Furthermore, the ghosts reconstituted with purified myosin resumed ATP-dependent contraction.
ABSTRACT. Cytoskeletons, or 'Triton ghosts,' that contained mainly actin and myosin II were prepared from Dictyostelium discoideum amoebae by extraction with Triton X-100. The Triton ghosts contracted immediately upon addition of ATP. However, under high-salt conditions in the presence of ATP, they did not contract but released myosin II. Almost all of the applied myosin II became associated with ghosts when myosin-free Triton ghosts, prepared in this way, were incubated with purified actin and then with myosin II from Dictyostelium. Immunofluorescence microscopy demonstrated that the associated myosin was localized in the cortical actin layer of the ghosts. Furthermore, the ghosts reconstituted with purified myosin resumed ATP-dependent contraction.
Skeletal muscle myosin could also restore contractility to ghosts from which myosin had been extracted. The amount of myosin II necessary for the contraction of the ghosts was calculated by two methods. Less than 10% of the myosin II in intact cells was necessary for the contraction. These results show that myosin II is responsible for the contraction of the Dictyostelium cytoskeleton.
Dictyostelium cells that lack conventional myosin (myosin II) have recently been generated by molecular genetic methods (6, 8, 15, 21, 27, 40) . Such mutant cells exhibit altered behavior in terms of their motility, as well as defective cytokinesis and morphogenesis. Such mutations in myosin genes have also been produced in yeast (39) and Drosophila (13), and they too result in defective cytokinesis.
Another form of myosin (myosin I), a low molecular weight, single-headed, nonfilamentous form, has been purified from Dictyostelium (4) , from Acanthamoeba (28), and from the vertebrate intestinal brush border (5, ll) . Myosin I is distributed at the leading edge of actively locomoting cells (9) . Mutants that lack one of the isoforms of myosin I exhibit normal cytokinesis and morphogenesis, but they also exhibit delayed aggregation and reduced rates of phagocytosis (12) . Studies of these mutants demonstrate that myosin I and myosin II are both involved in specific cellular activities and cannot be replaced by one another (17).
Immunofluorescenceand immunoelectronmicroscopic studies have demonstrated the presence of filamentous myosin II in Dictyostelium cells (3, (41) (42) (43) (44) . These filaments can be translocated and incorporated into cytoskeletal structures. There they perform their function, and eventually they become disorganized within the cell during the process of cytokinesis and the chemotactic response (14, 25, 41) . Transient increases in the phosphorylation of myosin (2, 29) and in the amount of actin and myosin retained in Triton-insoluble cytoskeletons (20, 23) have also been reported during the chemotactic response. Detergent-or glycerin-permeabilized cells have often been used as model systems in research into cell motility and the cytoskeleton (10, 22) . Contractile glycerin-permeabilized cells were first prepared from Dictyostelium by Eckert et al. (7) . Dictyostelium cells permeabilized by treatment with Triton X-100 contain cortical actin matrices which are mainly composed of actin and myosin, and they contract upon addition of ATP (41) . Reines and Clarke (31) demonstrated that the myosin II associated with Triton-permeabilized cells was all in the filamentous form, by using an antibody that was specific for monomeric myosin II and not the filamentous form. Furthermore, the sameauthors reported that filamentousmyosinII was responsible for the contraction of Triton-permeabilized cells because the permeabilized cells did not contract when the surrounding solution was changed to one favorable for the disassembly of myosin II.
In this study, Triton-permeabilized cells, which we refer to as 'Triton ghosts,' were prepared and myosin II was extracted from them. Almost all of the myosin was associated with the Triton ghosts and ATP-dependent contractility was restored when purified myosin II or skeletal muscle myosin was added to suspensions of the Triton ghosts from which myosin had been extracted. These results provide strong evidence that myosin II is responsible for the contraction of Triton ghosts of Dictyostelium cells. % contraction= 100 x (di -dx)/(di -d2) where di is the diameter of the ghosts before the addition of ATP, &2 is the diameter of contracted ghosts after the addition of ATP, and dx is the diameter of reconstituted ghosts or partially myosin-free ghosts after the addition of ATP.
Immunofluorescence microscopy. Reconstituted Triton ghosts were incubated with a solution of 3.3 /ig/ml of tetramethyl rhodamine-conjugated phalloidin (Sigma, St. Louis, MO, USA) in MFSSplus polyclonal rabbit antibodies against myosin from Dictyostelium (diluted 1 : 40) for 60 min. The reconstituted Triton ghosts which had been preincubated with phalloidin for stabilizing of F-actin could be stained with tetramethyl rhodamine-conjugated phalloidin. This might be due to the association of tetramethyl rhodamine-conjugated phalloidin with the remaining sites of F-actin which were not occupied by phalloidin after the preincubation. After washing with MFSSby centrifugation, the samples were incubated for 60 min with fluorescein-conjugated goat antibodies raised against rabbit IgG (Sigma). After again washing with MFSS, the samples were mounted with MFSSthat contained 0.1% pphenylene diamine. Immunofluorescence-stained samples were observed under a Nikon epifluorescence microscope (XF-EFD2).
Miscellaneous methods. SDS-PAGEwas performed by the method described by Laemmli (19) . The gels were stained with Coomassie Brilliant Blue G-250, as described by Neuhoff et al. (37) . Myosin in whole cells, myosin in Triton ghosts, and myosin released from Triton ghosts were quantified by the following methods. The stained band that co-migrated with purified myosin from Dictyostelium (more precisely, the heavy chain of myosin II) was cut out and put into a test tube that contained 0.9 ml of extraction buffer (0.1 N NaOH, 50% methanol). The dye was extracted from the gel fragment overnight. After neutralization with 1 N HC1,the absorbance at 595 nmof the solution of extracted dye was measured. Linearity of standard curves prepared from results obtained with purified myosin or bovine serum albumin was observed between 0.2 jug and 38 jug. Determinations of concentrations of purified actin and myosinwere performed by the method of Read and Northcote (30). RESULTS 1. Extraction ofmyosin IIfrom Triton ghosts. Cytoskeletons, or Triton ghosts, were prepared from Dictyo-482 stelium discoideum cells by extraction with micro filament-stabilizing solution (MFSS) that contained 0.5% Triton X-100. The Triton ghosts were so fragile that they were precipitated on a sucrose cushion during the centrifugation that was part of the preparation. Phase-contrast microscopy showed that the ghosts consisted of a cortical shell and a nucleus ( Fig. 1-a) . When0.1 mM ATPwas applied to the Triton ghosts, they contracted instantaneously to form smaller spheres ( Fig. 1-b) . The average diameter of the Triton ghosts (13.3 jum) was ap- proximately (6.6 jum) after contraction. WhenTriton ghosts were treated with ATP in MFSSthat contained 200 mMKC1, they did not exhibit any detectable contraction. It is likely that myosin II in the ghosts disassembled into monomers in the presence of 200mM KC1, as suggested by Reines and Clarke (31) . The same authors concluded, from similar experiments, that filamentous myosin is responsible for the contraction of Triton-insoluble cytoskeletons.
Components of Triton ghosts before and after the addition of ATP were analyzed by SDS-PAGE( Fig. 2;  lanes 1, 2) . Almost all of the myosin II was removed from the Triton ghosts when they were treated with ATP in the presence of 200mMKC1. The 117k Da band of the myosin I heavy chain was not seen in the SDS-PAGEgel of Triton ghosts before or after the addition of ATP.Even after the exchange of buffer with MFSSby washing, these myosin-free Triton ghosts did not contract upon addition of ATP. Triton ghosts did contract slightly upon addition of ATP,but not to the same extent as untreated ghosts (data not shown).
A small amount of actin was released during the extraction of myosin from the Triton ghosts (data not shown). Then myosin-free Triton ghosts were incubated with G-actin purified from Dictyostelium or rabbit skeletal muscle in MFSS, with subsequent incubation with a solution of 6.6//g/ml of phalloidin to stabilize the newly polymerized actin. After the incubation with actin, Triton ghosts did not exhibit any ATP-dependent contraction. After the actin-preincubated Triton ghosts had been incubated for 60 min with purified Dictyostelium myosin II in MFSSthat contained 200 mMKC1, the suspension was diluted with 3 volumes of dilution buffer to allow the assembly of myosin II. The preincubation of myosin-free Triton ghosts with actin was excellently effective on the recovery of the contractility of reconstituted Triton ghosts with myosin II. The reconstituted ghosts contracted to the same extent as untreated ghosts upon addition of ATP ( Fig. 1 ; e, f). SDS-PAGE analysis of the reconstituted Triton ghosts showed that the added actin and myosin II had become associated with the ghosts, although the amount of ac- tin associated with the ghosts did not show muchof an increase (1% increase) ( Fig. 2; lanes 3, 4) . It seems likely that ever this small amountof actin is essential to the contraction of Triton ghosts. The distribution of associated myosin II in the reconstituted Triton ghosts was examined by immunofluorescence microscopy using polyclonal antibodies specific for myosin from Dictyostelium. Associated myosin II was localized on the periphery of the Triton ghosts ( Fig.   3; a, b) . This distribution of myosin II in the reconstituted ghosts was similar to that in untreated ghosts which contained native myosin II (data not shown). were measured. The extent of contraction of the ghosts did not change regardless of the volume of the buffer in which the ghosts and myosin II were incubated (Fig. 4) .
Furthermore, when myosin-free ghosts were centrifuged after incubation with purified myosin II and the pellet and supernatant were analyzed by SDS-PAGE, almost all of the myosin was recovered in the pellet (data not shown). These results indicate that almost all of the added myosin II became associated with the myosin-free Triton ghosts. 4. The amount ofmyosin II necessary for contraction of reconstituted ghosts. Myosin-free Triton ghosts were incubated with various amounts of myosin II from Dictyostelium. After the induction of contraction with ATP, the extent of contraction of the reconstituted Triton ghosts was calculated from the diameters of the ghosts as indicated in MATERIALSANDMETHODS (Fig. 5) . The amount of myosin II necessary for 50% contraction of the reconstituted ghosts was 0.6 jug per 4.8x lO5 ghosts.
Whenfilaments of myosin, preformed in MFSS,were incubated with myosin-free Triton ghosts, 3.8jug of myosin per 4.8 x 105 ghosts was necessary for 50%con-traction. This result demonstrates that myosin can be incorporated more efficiently into the cortical actin layer in the monomericform than in the filamentous form. Figure 6 shows the extent of contraction of the reconstituted Triton ghosts versus the numberof myosin-free Triton ghosts for fixed amounts of purified myosin II.
The linear correlation between the number of ghosts and the extent of contraction is indicative of the additive effect of increasing amounts of myosin II on the contraction of the reconstituted Triton ghosts.
Reconstitution of myosin-free Triton ghosts with monomersof rabbit skeletal muscle myosin also resulted in ATP-dependent contraction (Fig. 5) . Three jug of muscle myosin was necessary for 50%contraction of 4.8x lO5 ghosts. the ghosts was equivalent to 6.2% of the myosin II content of whole cells.
DISCUSSION
In this study, Triton ghosts, which consisted of cortical actin matrices, were prepared from Dictyostelium cells by extraction with Triton X-100. Whenthe ghosts were treated with ATPunder high-salt conditions, they did not contract but released myosin II. Whenthese socalled myosin-free Triton ghosts were incubated with purified myosin II and then the surrounding medium was changed to a low-salt mediumto allow assembly of myosin, ATP-dependent contraction was restored. Furthermore, reconstitution with skeletal muscle myosin was also successful in restoring ATP-dependentcontraction. These results provide strong evidence that conventional myosin (myosin II) is responsible for the contraction of Triton ghosts or the cytoskeleton of Dictyostelium. This conclusion is compatible with the observation that Triton-permeabilized cells from a myosin II null mutant did not contract upon addition of ATP (8) . Pasternak et al. (26) demonstrated that cortical tension did not increase during Concanavalin A-induced capping of cell-surface proteins in mutant cells that lacked myosin II. Such cortical tension must be produced by the interaction between cortical actin and myosin II, which is represented in the contraction of Triton ghosts as described in this report. Until now, reconstitution experiments with myosin have been performed using glycerol-permeabilized cells and artificially opened cells. Myosin can be extracted with 0.6 MKC1 from glycerol-permeabilized myofibrils. Reconstitution with purified myosin restores the sarcomeric arrangement of filaments and ATP-dependent vibrational movement (36). After glycerol-permeabilized Physarum plasmodia were treated with N-ethylmaleimide to block the activities of native myosin, reconstitution with purified plasmodial myosin restored ATP-dependent contraction (1) . When beads were coated with myosin derived from other organisms, these beads migrated along actin cables in opened Characea cells (16, 33 ). The reconstitution experiments described herein also enabled us to analyze quantitatively the amount of purified myosin that must be added to restore contractility.
The amount of purified myosin II necessary for 50% contraction of reconstituted Triton ghosts was equivalent to 92%of the total cell content of myosin II, given that myosin II accounts for 1.44% of the total protein in whole cells. By contrast, the amount of myosin II necessary for 50% contraction of partially myosin-free Triton ghosts was only 6.2%of the total myosin II content of the cell (Fig. 7) . This difference might be a reflection of the structural differences between the two types of ghost. The latter ghosts must have a more ordered orientation of filaments in their cytoskeletons, which produce stronger forces, than the former. Preincubation with actin was a prerequisite for successful reconstitution. This observation also suggests structural differences between the two types of ghost. Considering all conditions, it seems reasonable to estimate that the amount of myosin II necessary for the contraction of the cortical cytoskeleton of Dictyostelium is less than 10% of the total myosin II in each cell. Incubation of myosin-free Triton ghosts with monomeric myosin II was more effective in restoring the contraction than was preformed filamentous myosin II. This phenomenon may be due to the fact that monomeric myosin II can penetrate moreeasily into the cortical actin network than can large, filamentous myosin II. Assembly of myosin II was controlled by the ionic strength of the surrounding buffer in this study. However, assembly is controlled by the phosphorylation of the heavy chain of myosin II in living cells. Phosphorylated myosin II tends to disassemble to monomersin MFSS, which mimics the ionic environment in vivo. By contrast, dephosphorylated myosin II tends to assemble into filaments in MFSS (18). Therefore, it is plausible that phosphorylated myosin II penetrates and is incor-porated more efficiently into the cortical actin network. Both this property of myosin II and the balance of the state of phosphorylation of myosin II might be involved in the regulation of translocation of myosin II to the cortical cytoskeleton.
